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Abstract

The highly infectious disease COVID-19 is induced by SARS-coronavirus 2 (SARS-
CoV-2), which has spread rapidly around the globe and was announced as a pan-
demic by the World Health Organization (WHO) in March 2020. SARS-CoV-2
binds to the host cell’s angiotensin converting enzyme 2 (ACE2) receptor through
the viral surface spike glycoprotein (S-protein). ACE2 is expressed in the oral
mucosa and can therefore constitute an essential route for entry of SARS-CoV-2 into
hosts through the tongue and lung epithelial cells. At present, no effective treatments
for SARS-CoV-2 are yet in place. Blocking entry of the virus by inhibiting ACE2 is
more advantageous than inhibiting the subsequent stages of the SARS-CoV-2 life
cycle. Based on current published evidence, we have summarized the different in sil-
ico based studies and repurposing of anti-viral drugs to target ACE2, SARS-CoV-2
S-Protein: ACE2 and SARS-CoV-2 S-RBD: ACE2. This review will be useful to
researchers looking to effectively recognize and deal with SARS-CoV-2, and in the
development of repurposed ACE2 inhibitors against COVID-19.
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MERS-CoV  Middle East respiratory syndrome virus

MERS Middle East respiratory syndrome
2019-nCoV 2019 novel coronavirus

WHO World Health Organization

RAS Renin-angiotensin system

ACE2 Angiotensin converting enzyme 2

SARS-CoV 2 Virus responsible for the coronavirus disease 2019 pandemic
COVID-19 Coronavirus disease 2019

ORF Open reading frame

N Protein Nucleocapsid protein

UTR Untranslated region

NSP Nonstructural protein

RBD Receptor binding domain

ARDS Acute respiratory distress syndrome
TMPRSS2 Transmembrane protease serine 2
RMSD Root mean square deviation
mfScore Mean force score

1 Introduction

Coronaviruses (CoVs) are single-stranded RNA (4 ssRNA) non-segmented positive-
sense viruses with four groups: alpha and beta from rodents and bats; gamma and
delta from aerial species [1]. Since the beginning of the twenty-first century, coro-
naviruses have triggered large outbreaks of lethal human pneumonia [2]. In 2003,
Severe Acute Coronaviral Syndrome (SARS-CoV / SARS-CoV 1) broke out and
spread to five continents, with a mortality rate of 10% [3, 4]. In 2012, the Middle
East Coronavirus Respiratory Syndrome (MERS-CoV) erupted in Saudi Arabia with
a mortality rate of 35% [5-7]. SARS-CoV and MERS-CoV are both bat/covetous
and dromedary camel host’s zoonotic viruses [8, 9]. No effective therapeutic drug
or vaccine has been approved to date for the treatment of human coronavirus. CoVs
are thus viewed as viruses, the spread of which poses a major threat to humans. In
December 2019, Chinese researchers detected a new virus in China called Wuhan
coronavirus or 2019 novel coronavirus (2019-nCov) [10-13]. The virus shared a
SARS-CoV-1 genetic homology of 79.5% and thus the International Committee on
Taxonomy of Viruses (ICTV) classified the virus as SARS-CoV-2; this virus has
been responsible for the 2019 Coronavirus Disease (COVID-19) pandemic [14, 15].
The genome of virus has been fully sequenced and appears to be most similar to
the strain in bats, indicating that it may have evolved from bats [16]. The genome
of SARS-CoV-2 (30 kb in size) covers a large non-structural polyprotein, an open
read frame (ORF) of 1a/b that is further cleaved into 15/16 proteins, five accessory
proteins (ORF3a, ORF6 and ORF7), and four structural proteins (S, M, E, and N)
which are required for assembly and infection [17].

SARS-CoV-2 uses the same receptor as SARS-CoV for entry into human cells:
the angiotensin converting enzyme 2 (ACE2) receptor [18]. A person with COVID-
19 has typical signs and symptoms such as nasal congestion (4.8% per person),
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nausea or vomiting (5.0%), chills (11.4%), headache (13.6%), sore throat (13.9%),
myalgia or artralgia (14.8%), respiratory shortness (18.6%), production of sputum
(33%), fatigue (38.1%), dry cough (67.7%) and fever (87.9%) [19]. SARS-COV-2 is
the third extremely virulent human coronavirus of the twenty-first century, preceded
by SARS-COV and MERS-COV [20]. There is evidence that SAR SCoV-2 is more
highly contagious/transmissible than SARS-CoV [21]. Although the COVID-19
epicenter was located in Wuhan, China, in December 2019, the disease has spread
to over 100 countries (Fig. 1). A recent World Health Organization (WHO) report
(10-16 August 2020) indicates that it has severely affected the United States (US),
Brazil and India, with more than 100,000 confirmed cases. As per the COVID-19
situation report-109 of WHO (30 December 2019-23 September 2020) 31,425,029
confirmed cases and 967,164 deaths were reported worldwide, mostly affecting the
US, Europe and South East Asia (Fig. 2). Millions of people have also been affected
by obligatory isolation/quarantine [22]. There are currently no successful therapies
that target SARS-CoV-2 and it takes months and years for these drugs to develop.
Researchers are working to identify promising treatments to save lives and develop
potential preventive vaccines [22]. Targeting virus entry by inhibiting ACE2 has a
greater advantage than inhibiting subsequent steps of the viral life cycle [23]. Based
on current published data, we have summarized the different in silico based studies
and repurposing of anti-viral drugs targeting ACE2, SARS-CoV-2 S-Protein-ACE2
and SARS-CoV-2 S-RBD: ACE?2 interface. Such efforts may lead to the develop-
ment of efficient therapeutic and preventive agents for COVID-19.

2 ACE2 and SARS CoV-2 Interaction

Current studies have shown that SARS-CoV-2 resembles other beta-coronaviruses,
being composed of a 5’ untranslated region (UTR), a spike protein (S) gene, a rep-
licase complex (ORFlab) encoding non-structural proteins (nsps), envelope pro-
tein (E) gene, a nucleocapsid protein (N) gene and a membrane protein (M) gene
[23]. ACE2 is a type I transmembrane-metallocarboxypeptidase enzyme with ACE
homology. This is a key player enzyme in the renin-angiotensin system (RAS) and
a target for the treatment of hypertension [25]. ACE2 is a functional receptor that
acts as a point of entry for SARS-CoV-2 into human lung cells (binds through its
spike (S) protein) [26-29]. S-protein consists of two subunits, S1 and S2; S1 as the
receptor-binding domain (RBD), while the S2 subunit is responsible for viral mem-
brane fusion [30, 31]. The S2 subunit of SARS-CoV-2 is highly conserved with a
similarity of ~99%, while the S1 subunit is 70% identical to other SARS-CoV in
bats and human SARS-CoV. The core RBD domain is extremely conserved amongst
them [32]. A study found that ACE2 is expressed in the oral mucosa and enriched in
the lungs, intestine and tongue epithelial cells, and thus constitutes an essential route
for SARS-CoV-2 to reach hosts [33].

The SARS-CoV-2 spike S1 protein binds to the ACE-2 receptor. This com-
plex is proteolytically handled via type-2 transmembrane cellular serine protease
(TMPRSS2) enzyme, leading to cleavage of ACE2 and activation of the spike pro-
tein, thus allowing viral admittance into the target cell (Fig. 3). Cells containing
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Global Situation of Covid-19 (Updated till 23 Sep.2020)
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Fig.2 Number of confirmed COVID-19 cases and deaths from 30 December 2019 to 23 September 2020
as per the WHO COVID-19 dashboard. Reproduced with permission from WHO [24]

ACE2 and TMPRSS2 are more prone to SARS-CoV-2 entry [34-38]. Binding to
ACE?2 allows the virus to penetrate cells inside the epithelial oropharyngeal. Infec-
tion normally begins with respiratory mucosal cells and then spreads to alveolar epi-
thelial cells in the lungs, leading to acute respiratory distress syndrome (ARDS) in
patients [36, 39-43].

3 Binding Site Analysis of ACE2 and SARS-CoV-2 S-RBD: ACE2

The crystal structure of the SARS-CoV-2 S protein in complex with human ACE2
(SARS-CoV-2 S-RBD-ACE2) offers insights into the mechanisms of binding of the
virus and its structural differences from SARS [39]. SARS-CoV and SARS-CoV-2
receptor binding regions were structurally examined by Veeramachanenia’s group [39]
by comparing the protein structures of SARS-CoV and SARS-CoV-2 from the protein
database (PDB Id: 3SCI and 6M0J, respectively). In both sequences, the F-chain relates
to the virus S protein RBD, and the A-chain depicts the ACE2 receptor [36, 39]. Many
structural changes have been identified in the spike protein SARS-CoV-2 RBD due to
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SARS-CoV-2
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Fig. 3 Binding mechanism of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) to angio-
tensin converting enzyme 2 (ACE2) receptors on the surface of the target cell

mutations over time compared with SARS-CoV. The three-dimensional (3D) structure
of the spike protein RBD is made up of most of the loop structure with two helices and
five sheets in SARS-CoV [39, 40]. The key structural changes were noted in residues
306-382 of SARS-CoV in the loop area, while the corresponding residues of SARS-
CoV-2, i.e., 333-395, were incorporated into three sheets and two helices. In the cor-
responding region of SARS-CoV-2 (residues 439-442), the helix found in the SARS-
CoV protein (residues 426—429) was absent and these residues were located in the loop
area. Additional sheets of SARS-CoV-2 proteins between Tyr 473 and GIn 474, Cys
488 and Tyr 489 and Val 524 and Cys 525 were not present in SARS-CoV and these
residues were formed into loops [39, 41]. It has been observed that, in the SARS-CoV-2
spike protein RBD, there were more ACE2 interacting residues compared with SARS-
CoV due to substantial mutations present in the SARS-CoV-2-sequence (specifically in
the RBD domain) [36, 40, 41]. This binding site analysis will help in the design of the
better ACE2 inhibitors for SARS-CoV-2 (Fig. 4).

3.1 ACE2 Binding Site Analysis (Active Residue to be Targeted)

Wan et al. [42] stated that Lys31 and Lys353 on ACE2 are known to be binding hot-
spot residues that are more sensitive to S-protein binding. In human receptor ACE2,
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ACE2 Enzyme SARS-CoV-2 S-RBD: ACE2 complex

Fig.4 Ribbon structure of ACE2 enzyme (retrieved from wikimedia.org under the Creative Com-
mons CC BY-SA 3.0) and SARS-CoV-2 S-RBD: ACE2 complex (retrieved from wikimedia.org under
the “Creative Commons CCO 1.0 Universal Public Domain”) [44, 45]

hotspot 31 (Lys31) consists of the salt bridge between Lys31 and Glu35, and hotspot
353 consists of another salt bridge between Lys353 and Asp38, covered by a hydro-
phobic residue.

3.2 SARS-CoV-2 S-RBD: ACE2 Binding Site Analysis (Active Residue to be
Targeted)

The RBD of the S1 subunit of the spike protein plays an indispensable role in the
binding of SARS-CoV-2 to the ACE2. In vitro binding studies suggest good binding
affinity at low nanomolar range between ACE2 and the RBD (residues 331-524 of
spike protein) of the SARS-CoV-2 spike protein [43].

The recently released crystal structure PDB Id: 6MOJ, deposited by Lan and
co-workers [46], revealed the structural interactions of SARS-CoV-2 spike protein
RBD with ACE2. They observed that the interfaces of RBD/ACE2 have hydrophilic
networks. At the SARS-CoV-2 RBD: ACE2 interface, there are 13 hydrogen bonds
and two salt bridges as shown in Fig. 5 [46]. The second important feature is that the
various tyrosine residues form hydrogen bonding interactions with hydroxyl groups
[46]. The key tyrosine residues from the SARS-CoV-2 RBD are Tyr449, Tyr489,
and Tyr505. The third key feature is the involvement of the Asn90-associated gly-
cans of ACE2 in binding different RBDs [46—48].
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Apart from the above mentioned studies, other in silico studies have also been
reported in the literature, where authors discussed the crucial residues for target-
ing SARS-CoV-2 RBD. Jani et al. [43] reported that, within the RBD domain,
the receptor binding motif (RBM) (residue range 438-506) interacts directly with
ACE2. The interacting residues on the surface of the RBD domain of the spike
protein are Tyr505, Gly502, Asn501, Thr500, GIn498, GIn493, Tyr489, Asn487,
Phe486, Alad75, Phe456, Leud55, Tyrd53, Tyr449, Gly446 and Lys417 [36, 49].
The interacting residues belonging to the ACE2 receptor are Arg393, Arg357,
Asp355, Gly354, Lys353, Asn330, Tyr83, Met82, Leu79, Gln42, Tyr41, Asp38,
Glu37, Lys35, His34, Lys31, Asp30, Phe28, Thr27, and Gln24. These residues
form various interactions between the ACE2 receptor and the RBD of the spike
that include 13 hydrogen bonds and 2 salt bridges between the ACE2 receptor
and the RBD-spike interface residues [43].

Wan et al. [42] stated that the RBD of SARS-CoV-2 recognizes the GIn493
and Leu455 residues of human ACE2, which are suggested to have favora-
ble molecular associations with the 31-hotspot residue, thus enhancing human
ACE2 viral binding—approximately 10 times higher than the RBD of SARS-
CoV. Han et al. [50] reported the ACE2 amino acid sequence that was crucial for
drug development (Glu57, Glu56, Asp38, Glu37, Glu35, His34, Lys31, Asp30,
Lys26, Glu22 and Glu23). Li et al. [51] identified essential amino acids between
the RBD of the S-Protein of SARS-CoV-2 with ACE2 (Gly354, Lys353, Asn330,
Glu329, GIn325, Asn90, Tyr83, Met82, Leu79, Leud5, GIn42, Tyrdl, Asp38,
Glu37, His34, Lys31, Thr27, GIln24 in ACE2). Yan et al. [52] published the crys-
tallographic structure of the SARS-CoV-2-RBD-ACE2 interaction. They reported
Tyr505, Serd494, Phed97, Gly496, Tyrd95, Tyrd53, Lys403, Arg393, Phe390,

The hydrogen bonding and salt bridges within the SARS-CoV-2 RBD:

SARS-CoV-2 RBD  Length (A°) ACE2

Asn487 26 Gln24

Leu417 3.0 Asp30

GIn493 28 Glu3s

Glu 37

Tyr505 32 Glu 37

Asp38

Tyr449 2.7 Asp38

Thr500 26 Tyrd1

Hydrogen Asns01 3.7 Tyr4l
Bonds Gly446 33 Gln42
Tyr449 3.0 Gln42

Gln42

Tyr 489 35 Tyr83

Asndg7 27 Tyrs3
Gln 325

Glu329
Asn330

Glys502 28 Lys353

Tyr 505 3.7 Arg393

Lys 417 3.9 Asp30

Lys 417 3.0 Asp30

Salt Bridges Glu329

Glu329
Glu329

Fig.5 The SARS-CoV-2 RBD: ACE2 interaction
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Pro389, GIn388, Ala387, Lys353, Asp38, Glu37, His34, and Asn33 as the vital
residues involved in binding of viral S-protein with the human ACE2 receptor.

4 ACE2 and Target Organs at Risk

It has been observed that cells in which ACE2 and TMPRSS2 are present are
more prone to SARS-CoV-2 entry (Fig. 6). These organs are thus at higher risk of
COVID-19.

4.1 Damage Risk to the Respiratory System

The rapid occurrence of respiratory symptoms is common among patients as the
lung is the main target organ for infection with COVID-19. ACE2 is not only
a COVID-19 gateway in the lung but also likely to be involved in lung injury
development [53]. Research by Kubal et al. and Imai et al. revealed that blocking
the signal pathway for renin-angiotensin can reduce extreme acute SARS-CoV-2
spike protein injury. This suggests that RAS, consisting of the ACE, angiotensin
I and 1a angiotensin II receptors (AT1a), facilitates disease pathogenesis, caus-
ing lung edema and adverse pulmonary function [54, 55]. As the RAS counter
regulator, ACE2 thus plays a role in improving extreme pulmonary edema and
acute lung failure. Finding the downstream mechanisms of ACE2 responsible for
the inflammatory storm would resolve the problem [53-55].

4.2 Damage Risk to the Heart

ACE?2 is significantly found in the heart and its receptors allow the virus to pen-
etrate the heart [53]. Oudience et al. [56] reported that SARS-CoV-2-infected
mice had myocardial infection, and expression of ACE2 has notably decreased,
suggesting that ACE2 has a major role to play in mediating SARS-CoV-2 car-
diac infection. SARS CoV-2 is also linked with a substantial decrease in expres-
sion of ACE2 protein in the heart. This would lead to an increase in Ang II lev-
els. Increased Ang II levels are further responsible for cardiovascular disease
pathophysiology through regulation of growth cardiomyocytes. Intercellular and
intracellular signaling pathways are impaired, intercellular communication is
decreased, body immunity is hindered, lipid peroxidation is triggered and insulin
resistance occurs.

Hence, SARS-CoV-2 is also implicated in myocardial inflammation and in
down-regulation-related damage to the myocardial ACE2 system. Antagonizing the
SARS-CoV-2 on ACE2 in myocardial cells is the key to improving cardiac function.
If the number of cases of COVID-19 pneumonia increases, the number of patients
suffering from heart failure cannot be overlooked, and it needs to be identified and
treated in time. Changes in pathways linked to ACE2 and myocardial histopathology
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Fig.6 SARS CoV-2 and organs at high risk

will help our understanding of the basic mechanism of myocardial damage due to
COVID-19 and lead to appropriate clinical treatment [53].

4.3 Damage Risk to the Intestine

Other common symptoms of COVID-19 infection other than fever and cough
include gastrointestinal tract (GIT)-related symptoms, like nausea, diarrhoea and
vomiting. These gastrointestinal (GI) symptoms are more serious in COVID-19
infections than in SARS-CoV and MERS-CoV. In addition to recurrent fever and
dry cough, a number of scholars in the US reported diarrhea and abdominal pain
during their hospitalizations. It should be noted that COVID-19 has also been
found in stool samples of diarrhea [53, 57]. Zhang et al. [58] reported that SARS-
CoV-2 genetic analysis showed high levels of COVID-19 receptor ACE2 expres-
sion in esophageal stratified epithelial cells and indicated a possible transmission
route via the GI system. GIT symptoms of COVID-19 infection can therefore
be associated with an invasion of intestinal epithelial cells that express ACE2.
The intestine is a potential target organ for COVID-19 infection, but much more
research is needed to determine whether the digestive system is a transmission
path [58].
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4.4 Abnormal Coagulation Risk

Studies have shown that certain patients with a new form of coronavirus have
impaired coagulation activity, and coagulation dysfunction exists in almost all criti-
cally ill patients [53, 59, 60]. There may be several factors that endorse thrombo-
sis in patients with novel coronavirus. The acute inflammatory reaction caused by
serious infection or sepsis may have several effects on coagulation and the fibrino-
lytic system. Furthermore, there is some connection between ACE2 and coagula-
tion. Fraga-Silva et al. [61] assessed ACE2 and ACE thrombus activity by induc-
ing thrombosis in the vena cava of spontaneously hypertensive (SHR) and Wistar
Kyoto (WKY) rats. They observed that thrombus weight increased by 30% by ACE2
inhibition by giving DX600 0.1 mmol L~! kg™! and reduced thrombus formation in
SHR by 30% by giving 10 mg kg~ of XNT (ACE2 activator). XNT also decreased
platelet adherence to damaged blood vessels, decreased thrombus size and extended
the time to complete blood vessel occlusion in mice [53]. Consequently, a reduction
in thrombotic ACE2 activity is linked with a rise in SHR thrombosis. Furthermore,
the activation of ACE2 will minimize thrombus formation and platelet adhesion to
blood vessels [53].

4.5 Kidney Damage Risk

Renal tubular cells are involved in reabsorption and excretion, and play a vital role
in metabolite excretion, maintenance of body fluid balance, and acid-base balance
[53]. COVID-19 can reach tubular renal cells by binding to ACE2, which can cause
cytotoxicity and impaired renal function. Neo-coronavirus-infected patients should
undergo renal function tests and follow up to diagnose renal dysfunction in a timely
fashion to deal with it as early as possible [53]. A study found that the expression of
ACE2 is almost highest in the human testis [61].

COVID-19 is therefore likely to affect and damage patient’s testicular tissue by
binding to ACE2-positive cells. A research study analyzed data from 59 patients in
several hospitals, including 28 serious cases, to examine the condition of their renal
function from 21 January to 7 February 2020. Among these 66 patients, 63% (32/51)
had proteinuria, indicating renal insufficiency. Plasma urea nitrogen and creatinine
were raised in 27% and 19% of patients, respectively. A computed tomography (CT)
scan report showed abnormal kidney damage among all the infected patients [53,
62].

4.6 Liver Damage Risk

A retrospective analysis of 99 Wuhan COVID-19 patients showed that 43 had
varying degrees of irregular liver biochemical tests, of which 1 found substantial
increases in serum aminotransferase [63]. There was a rise in serum lactate dehy-
drogenase in 75 patients and a rise in serum creatine kinase in 13 patients. The
paper did not discuss whether such enzymatic changes were attributable to either
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COVID-19 infection or liver damage triggered by the drugs used, nor did it iden-
tify any underlying liver condition of the patient. Researchers analyzed cell types
expressing ACE2 in healthy hepatic tissue and identified higher ACE2 levels in bile
duct cells compared with hepatocytes [64]. These findings suggest that either virus
binding to the ACE2-positive bile duct cells causes bile duct dysfunction or toxic
side effects caused by therapeutic drugs could be responsible for the observed liver
damage [53, 64].

5 Repurposed Inhibitors

Researchers have so far targeted three crucial enzymes of the ACE2 family, i.e.,
ACE2, SARS-CoV-2 S-Protein-ACE2 and SARS-CoV-2 S-RBD: ACE2 as under-
standing about the disease has progressed since December 2019.

5.1 Repurposed ACE2 Inhibitors

Oliveira and colleagues [65] performed molecular docking with the ACE2 recep-
tor in complex with S-glycoprotein SARS-CoV-2 (PDB ID: 6MO0J) using 60
drugs, which were published in the literature against SARS-CoV-2. The dock-
ing result showed that paritaprevir and ivermectin have highest binding affin-
ity to the ACE2 receptor with interaction energies of —11.8 kcal mol~' and
—11.6 kcal mol™!, respectively (Fig. 7). The strongest binding affinity with the
ACE2 receptor was demonstrated by paritaprevir, principally due to two fac-
tors: the hydrogen bonding interaction with residue Asn394 and the hydropho-
bic interaction of aminophenanthrene with Trp349 residue, as shown in Fig. 8.
Paritaprevir and ivermectin are used for the treatment of hepatitis C virus and
parasitic infections, respectively. In silico results indicated that both candidates
could be used for the treatment of COVID-19. Remdesivir and azithromycin are
in the second group of promising drugs. Compared with other medications, the
repurposed medications hydroxychloroquine and chloroquine were not effective
as monotherapies against SARS-CoV-2 infection.

Lakshmi and colleagues [66] documented the interaction of bioactive com-
pounds from 10 different Indian medicinal plants employed widely to treat cold
and respiratory disorders through molecular docking research. Totally, 47 bioac-
tive compounds were identified and investigated against the structural target of
the human ACE2 receptor (PDB ID: 1R42) from medicinal plants (Fig. 9).

Top leads were selected based on the number of hydrogen bonds, interaction
energies and other parameters that describe their potency in inhibiting ACE2. The
docking results showed significant interactions between 2-monolinolenin, berber-
ine, orientine and vitexin and the human ACE2 receptor (Fig. 10). Among them,
2-monolinolenin was approved by the US Food and Drug Administration (FDA)
and can therefore be used for preclinical studies to treat COVID-19 infection.
Another best compound is Berberine, which has a docking score of —95.33 and
forms 2 hydrogen bond interactions with residues Lys26 and Thr27. Orientin is a
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Paritaprevir Ivermectin

Fig.7 Chemical structures of Paritaprevir and Ivermectin
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Fig. 8 Binding interaction of Paritaprevir and Ivermectin interaction with the ACE2 receptor

C-glycosyl compound that forms 5 hydrogen bond interactions with 3 residues:
Glu22, Lys26 and Asn90. Vitexin, which is an apigenin flavone glycoside, has
a docking score of —85.24; the strong affinity can be explained due to the two
hydrogen bonds with Glu22 and Asn90 (Fig. 10).

Abdelli and coworkers [67] reported virtual screening of drugs capable of
blocking the action of ACE2 using natural compounds (y-terpinene, p-cymene,
limonene, thymol and isothymol) obtained from the anti-viral plant Ammoides
verticillata (Dest.) Briq. This aromatic plant is commonly used in western Alge-
ria for dietary and therapeutic purposes. They assessed the active principles of A.
verticillata (y-terpinene, p-cymene, limonene, thymol and isothymol) against the
enzyme ACE2 and conducted a molecular docking analysis using regular param-
eter settings in the MOE-2013 software package against the ACE2 enzyme con-
taining f-p-mannose co-crystallized ligand (PDB ID: 6vwl). The docking result
analysis showed that docked isothymol has the best docking score compared with
the co-crystallized ligand B-p-mannose.

They also evaluated the drug likeness, PASS prediction, ADME/T, the P450
site of metabolism, pharmacophore mapping and molecular dynamics (MD)
simulation of the best ligand. The result indicated that the top ligand isothymol
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Fig.9 Chemical structures of Berberine, Orientin, and Vitexin
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Fig. 10 Binding interaction of Berberine, Orientin and Vitexin with ACE2

(51.2%) in Ammoides verticillata has a significant binding score and a stable
interaction with the target ACE2. Isothymol will block the ACE2 receptor, mak-
ing it harder for coronavirus to enter cells (Fig. 11).

Omar and his group studied the in silico interaction between the active site
of ACE2 with natural compounds (eugenol, hispidulin, quercetin, curcuma,
hydroxy-chloroquine, artemisin, thymoquinone and cirsimaritin) [68].

Molecular docking was performed using Auto Dock Vina with ACE2 protein
(PDB ID: 1r42). In silico results revealed that hispidulin (—7.8 kcal mol™"), cir-
simaritin (—7.6 kcal mol™"), artemisin (7.2 kcal mol™") and curcuma (—7.2 kcal
mol~!) displayed the best potential inhibitor activity against ACE2 (Fig. 12).
Hispidulin displayed the highest affinity at the active site of ACE2; it formed
hydrogen bonds with Tyr196, Gly564 and Trp566 residues (Fig. 13). Artemisin,
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Fig. 11 Interaction of isothymol
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Fig. 12 Chemical structures of hispidulin, artemisin cirsimaritin, and curcumin

hispidulin, and cirsimaritin are flavonoids isolated from Artemesia herba Alba,
which displays wide range of biological activities, including nephroprotective,
antihyperlipidemic, antidiabetic, cardioprotective, anticancer, antioxidant, anti-
protozoal, gastroprotective and antibacterial effects.

Dhanasekaran and colleagues examined ACE2 lead molecules from well-known
herbs (Nilavembu Kudineer and Kaba Sura Kudineer) [69]. These compounds
underwent a molecular docking study targeting the ACE2 receptor and their abil-
ity to inhibit the host—viral interface was assessed. These two traditional Siddha
medicinal products (Nilavembu Kudineer and Kaba Sura Kudineer), recommended
by Indian medicine practitioners for the treatment of viral infections, are officially
suggested by government authorities for the following reasons. The rationale behind
these Indian medicines is that they are believed to be useful in the treatment of
epidemic viral infections. A total of 28 bioactive leads (vitexin, thymol, eugenol,
cynaropicrin, vetiverol, vasicine, spathulenol, santalic acid, rutin, pellitorine, lin-
oleic acid, gallic acid, cucurbitacin-B, costunolide, cissamine, carvacrol, bharangin,
andrographolide, alpha-bisabolol, beta-pinene, chlorogenic acid, quercetin, piperine,
apigenin, piperidine, beta-sitosterol, 6-gingerol and 6-shogaol), which were present
in both traditional medicines, were obtained for in silico investigation (Fig. 14). A
molecular modelling study was performed using Auto Dock against the ACE2 with
PDB ID of 2JAF. Lys 31 and Lys 353 are the two hot-spot residues (active binding
sites) associated with the ACE2 receptor [70-72]. Amino acid sequence (Leu455,
Phe486, Ser494), which is located on the primary binding SARS-CoV-2 motif,
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Fig. 13 Binding interaction of hispidulin, cirsimaritin, artemisin and curcumin with ACE2

mediates the virus’ binding paradigm with hotspot residues Lys 31 and Lys 353 of
the ACE2.

Hierarchically, the active site residue Lys 31 bridged between the amino acids
Lys 31 and Glu 35 and residue Lys 353 was bridging between Asp 38 and Lys 353.
Results of computational analysis indicated that, among the 28 ligands, 11 bioac-
tive lead molecules, including cucurbitacin-B, rutin, andrographolide, linoleic acid,
pellitorin, cynaropicrin, vitexin, 6-gingerol, apigenin, beta-sitosterol, and quercetin,
exhibited potential binding affinity to the target amino acid residues (Lys 31 and Lys
353) (Fig. 15).

Wang and colleagues have documented ACE2 modulation with Cannabis sativa
extracts, which could be a reliable strategy for reducing disease susceptibility [73].
C. sativa is the cannabinoid cannabidiol (CBD), which has been suggested to mod-
ulate gene expression and inflammation and possess anti-inflammatory and anti-
cancer properties. In order to analyze the effects of C. sativa on ACE2, extracts of
22 novel C. sativa lines have been used to treat artificial human 3D tissue mod-
els of oral epithelium, intestinal tissues and airways. Using the pro-inflammatory
cytokines tumor necrosis factor alpha (TNF-o) and interferon gamma (IFN-y) (TNF-
IFN), inflammation is induced in these 3D tissue models. Results indicated that 13
high extracts of CBD C. sativa could modulate gene expression of ACE2 and the
levels of ACE2 proteins. It was also noted that some C. sativa extracts down-reg-
ulated gene expression of TMPRSS2, which is another essential protein for SARS-
CoV?2 entry into host cells, in epi-oral and epi-intestinal tissues.

Cheng and colleagues reported flavonoids from Citrus fruits as a promising can-
didate in the prevention and treatment of SARS-CoV-2 [74]. They determined six
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Fig. 14 Chemical structures of rutin, andrographolide, vitexin, pellitorine, apigenin, linoleic acid, 6-gin-
gerol, quercetin, cynaropicrin, beta sitosterol, cucurbitacin B

flavonoid compounds (naringenin, naringin, hesperetin, hesperidin, neohesperidin
and nobiletin) from three citrus species by using the LC-MS technique. These fla-
vonoid compounds were collected from three major species of mandarin (Citrus
reticulata), pummelo (Citrus maxima) and sweet orange (Citrus sinensis). In the
most severe COVID-19 patients, cytokine storm was observed along with increased
plasma concentrations of TNF-a, interleukin (IL)-1p, IL-10 and IFNy.
Corticosteroids are used frequently for severe cases of treatments to reduce
inflammatory-induced lung injury. Therefore, treatment with an anti-inflammatory
approach is critical to alleviating clinical symptoms related to COVID-19. These

Fig. 15 Binding interaction of 0]
pellitorine with ACE2 PR
N
H\ﬁ/
A His
34
Pellitorine
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cytokine storms can be induced by the bacterial gram-negative endotoxin lipopoly-
saccharide, which increases cytokines such as IL-1p, TNF-a, IFNy, IL-6 and MCP-
1. They determined the anti-inflammatory effect of citrus Naringin (extracted from
Citrus wilsonii Tanaka) on inflammatory cytokines, COX-2, iNOS, IL-1f and IL-6
at mRNA levels in LPS-induced RAW macrophages. The results revealed that the
iNOS, IL-1f, IL-6 mRNA and COX-2 expression levels in LPS-treated macrophage
cells were increased compared to the control group. Application of naringin (10,
20, 40 pg ml™!) significantly diminished the effects of lipopolysaccharide induced
iNOS, IL-14, IL-6 mRNA and COX-2 expression.

It was further demonstrated that naringin could restrain cytokine storm to a
certain extent through inhibiting high mobility group box 1 (HMGBI1) expres-
sion, which acts as a pro-inflammatory cytokine and regulates the cytokine storm.
They also found that naringin pretreatment could attenuate levels of p-a38 MAPK,
which plays an important role in HMGB 1-mediated production of proinflammatory
cytokines. Their docking study with ACE enzyme (PDB code: 6ACG) showed that
naringin had significant binding activity to the ACE2 enzyme with a docking score
of —6.85 kcal mol~!, with potential binding sites at Glu-398, Tyr-515, Glu-402 and
Asn394 (Fig. 16). The results suggested that naringin could have the potential to
prevent COVID-19 cytokine storms. The findings indicated that naringin may have
the ability to prevent cytokine storms in COVID-19.

In a docking study, Yong-Ming’s group investigated 38 Chinese patent drugs
(CPDs) that are used commonly in the respiratory diseases for SARS-CoV-2 [75].
Their ligand data set contains total of 38 marketed CPDs covering 93 herbs used
for the treatment of respiratory diseases. These CPDs were selected and docked
into the ACE2 receptor. According to the docking result analysis, the top 19 com-
pounds (hesperidin, saikosaponin A, mulberroside A, rutin, bilirubin, verbascoside,
vincetoxicoside B, baicalin, prim-O-glucosylcimifugin, corosolic acid, cynaroside,
orientin, corynoline, astragaloside A, protostemonine, ilexgenin A, amygdalin, pae-
oniflorin, and ursolic acid) bind directly to the ACE2 receptor with high affinity.
Among them, hesperidin has highest docking score (—11.4 kcal mol™') and showed
key binding interaction with Cys344, His345, Asp368, Arg514, Tyr515 and Arg518
residue of ACE2. Another best hit is saikosaponin A, which has a docking score of
—11 kecal mol~! and binding interaction with Ala348, Glu402, Arg514, Tyr515 and
Arg518 (Fig. 17).

5.2 Repurposed SARS-CoV-2 S-Protein-ACE2 Inhibitors

Smith et al. [76] reported combined restricted “temperature replica-exchange molec-
ular dynamics (T-REMD) simulations with high-throughput virtual screening in an
ensemble docking protocol” using the world’s most efficient supercomputer, SUM-
MIT, to find well-characterized drugs that bind either the S-protein:ACE2 receptor
interface or the S-protein receptor recognition region.

These small molecules can interrupt the host recognition and infection pathway
of SARS-CoV-2 by binding the host viral interface and/or the isolated host recog-
nition region of S-proteins. They ranked more than 8000 drugs, natural products,
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Fig. 16 Binding interaction of Naringin with ACE2 enzyme (PDB code: 6ACG)

and metabolites against the SARS-CoV-2 S-protein and the S-protein:ACE2
receptor by implementing the molecular docking and molecular simulation
approaches. They filtered the top 6 molecules, among which nitrofurantoin, iso-
niazid pyruvate, and eriodictyol had higher affinity for the ACE2 receptor portion
of the S-protein:ACE2 receptor interface (Figs. 18 and 19). On the other hand,
cepharanthine, ergoloid, and hypericin were identified as compounds of interest
against the isolated S-protein’s receptor recognition region. The outcome of their
study indicated that these six compounds would be suitable candidates for experi-
mental investigations into COVID-19.

Abdel-Mottaleb et al. [77] exploited the electronic characteristics of nutraceu-
ticals and antiviral drugs for the treatment of COVID-19. The electron distribu-
tion surface of the molecules and the frontier orbital energies [highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)]
of the interacting species were defined by electrostatic potential energy maps
(ESP-maps), and manual docking was carried out. Ligands containing seven
natural antivirals (raspberry ketone, quercetin, menthol, curcumin, eriodictyol,

HO
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: HO,,,
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e O OH HO

0~ 0 o)
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OH Hesperidin

Saikosaponin A

Fig. 17 Chemical structure of hespiridine and saikosapnin A
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Fig. 18 Chemical structures of nitrofurantoin, cepharanthine, isoniazid pyruvate, ergoloid, eriodictyol
and hypericin
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thymoquinone and resveratrol) and four synthesized antivirals (ivermectin,
hydroxychloroquine, nicolosamide, and favipiravir) were selected and their
bindings were determined for unique peptide sequences at the ACE2 interface.
Results of this study showed that hydroxychloroquine, ivermectin and favipira-
vir have significant drug binding with the both S protein and ACE2, while rasp-
berry ketones, menthol, eriodictyol, and thymoquinone have affinity for the viral
S protein (Figs. 20 and 21). Raspberry ketone has equivalent binding strength to
the known antiviral agents that are currently being clinically tested. The natural
drugs had no affinity with S protein or ACE2. However, they interfere with the
direct S-protein—ACE?2 interaction by displaying the ability to receive electrons
(electron sink) from S-protein in the presence of ACE2 into its disturbed LUMO.

5.3 Repurposed SARS-CoV-2 RBD: ACE2 Inhibitors

Cheng and colleagues [78] identified active chemical constituents from the tra-
ditional Mongolian medicine Agsirga to inhibit ACE2. Mongolian medicine is
an integral part of Chinese traditional medicine. It has a very significant clini-
cal impact on the treatment and prevention of infectious diseases like influenza,
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tuberculosis, H7N9, SARS and HIN1. Alkaloids and stilbenes are the key com-
ponents of the Mongolian medicine Agsirga. A total of 96 major alkaloids and
stilbenes, including 31 alkaloids of type cevanin, 8 of type Jervine, 10 of type
veratramine, 7 of type secosolanidin and 18 stilbenes, were screened. The molec-
ular modelling study was carried out using Auto Dock.

The findings of molecular docking have shown that the key binding site
between alkaloids and human ACE2 protein is located in the middle bridge
(residue His34 and Asp30). The docking results showed that imperialine-3-
B-p-glucoside (=7.1 kcal mol™') and pseudojervine (—6.8 kcal mol™') signifi-
cantly inhibited the SARS-CoV-2-RBD:ACE?2 interaction at His34 and Asp30
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Fig. 23 Binding interaction of pseudojervine and imperialine-3-f-p-glucoside SARS-CoV-2 RBD: ACE2

(Figs. 22 and 23). These findings suggest that the combination of imperialin-3-
B-p-glucoside and pseudojervine will possibly block the binding of S-protein and
ACE2.

Using virtual structure screening, Choudhary et al. [79] repurposed the clinically
approved drug against SARS-CoV-2-RBD: ACE2 and a newly published SARS-
CoV-2 genome sequence. They found small molecules targeting the hotspot residues
31 and 353 of the ACE2, which are considered to provide a binding site for S-pro-
tein. They used 1280 molecules from the LOPAC drug library to identify possible
antiviral drugs.

By generating the grid around the hotspot residues 31 and 353 of ACE 2, high
throughput virtual screening (HTVS) was performed using PyRx and Auto Dock
Vina. The results of the docking showed that GR127935 hydrochloride hydrate
forms two H-bonds with Glu37 and Asp350 ACE2 receptors and hydrophobic inter-
actions with Lys353 hotspot residues, clearly indicating its ability to bind to hot-
spot residues 353. Along with GR hydrochloride, GNF-5 showed that binding to
hotspot 353 could potentially inhibit virus entry. Docked conformations of ligand
RS504393, TNP and Eptifibatide acetate indicate that these ligands exhibit affin-
ity to hotspot 31 residues, and, to some degree, even to hotspot 353. Among the
screened compounds, the best hits were subjected to MD simulation to evaluate the
stability of the protein—ligand complex using GROMACS 5.4.1.

On the basis of MD simulation results, Eptifibatide acetate (—6.05 kcal mol‘l),
TNP (—7.42 kcal mol™"), GNF-5 (—7.57 kcal mol™"), RS504393 (—8.32 kcal mol™})
and GR 127,935 hydrochloride hydrate (—11.23 kcal mol™") were the best scoring
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hits against the ACE2 host—virus interface. This result provides proof that these
repurposed molecules are potential drugs for subsequent studies (Figs. 24 and 25).

Durdagi and colleagues [80] reported a virtual drug repurposing study, where
they screened clinically approved and investigational drugs as potential inhibitors of
spike receptor-binding domain (SBD) bound to ACE2.

They used the standard precision (SP) protocol of Maestro Glide docking mod-
ule to dock the 7922 FDA approved clinical drugs, which were obtained from both
the Pharmaceutical Collection (NPC) and NIH Chemical Genomics Center (NCGC)
databases, into spike protein/ACE2.

Docking scores do not necessarily lead to identification of suitable compounds
but they provide a preliminary insight into ligand—protein interactions. To under-
stand ligand—protein interactions, they chose the top 100 compounds from each
docking study and ran MD simulations with Desmond for 10-ns. The binding ener-
gies of these complexes were calculated by the MM/GBSA using the 1000 trajecto-
ries, which were collected throughout the MD simulations. Based on the MM/GBSA
score, selected hits were further run for 100-500 ns in MD simulations.

Finally, they identified five compounds (benzquercin, rotigaptide, naminterol,
bometolol, denopamine) as SARS-CoV-2-RBD: ACE2 inhibitors (Fig. 26). Among
them, in the 100 ns simulation study, denopamine was identified as the highest MM/
GBSA scorer (—79.63 kcal mol™') in the spike protein/ACE2 binding region. The
secondary amine group of denopamine interacts primarily with Glu37 and the ter-
minal methoxy group with Gly496 through hydrogen bonding, respectively. These
residues interact with denopamine persistently throughout the 100 ns simulation
(Fig. 27). These compounds could be tested clinically against COVID-19 and used
for the treatment of COVID-19.
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Fig.24 Chemical structures of GR hydrochloride, RS504393, GNF-5, TNP and eptifibatide acetate
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Fig. 25 Binding interaction of GR hydrochloride, GNF-5, RS504393, TNP and eptifibatide acetate with
SARS-CoV-2 RBD: ACE2

Wu and collaborators [7] reported target-based virtual ligand screening using
the ZINC drug database (including 78 widely used antiviral drugs) and natural
product databases against 21 targets (SARS-CoV-2). They developed 20 homol-
ogy structures of SARS-CoV-2 and 1 human protein (human ACE2 structure).
The ICM-Pro soft special double scoring system was used to determine the per-
formance of the docking. The result obtained from virtual screening of ACE2
protein showed that troglitazone (mfScore —130.636059), losartan (mfScore
—122.963538), ergotamine (mfScore —169.307566), cefmenoxime (mfScore
—113.497767) and silybin (mfScore —115.502335) had higher binding affinity
with ACE2. SARS CoV-2 mainly affects the respiratory system, so compounds
affecting systems other than the respiratory system were excluded. Among the
natural products, phyllaemblicin G7 (mfScore —262.834528) from Phyllan-
thus emblica, neohesperidin (mfScore —198.729505) and hesperidin (mfScore
—151.82086) from Citrus aurantium have significant binding affinity to ACE2
(Figs. 28 and 29). A docking study found that hesperidine disrupts the interaction
between ACE2 and RBD by forming hydrogen bonds with Tyr440 of the SARS-
CoV-2 S-RBD: ACE2 complex (Fig. 29).

Patel’s group [81] reported the virtual screening of curcumin and its deriva-
tives against the SARS-CoV-2 RBD: ACE2 complex. Curcumin has diverse
pharmacological properties with over 100 cellular objectives targets, including
cytokines, proteins, transcription factors and receptors. Earlier research identified
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curcumin as a possible cure for influenza virus infection by modulating the
immune response to avert lung tissue injury. It also has anti-neuraminidase (NA)
activity against the NA protein of the influenza virus. Inspired by these previ-
ous reports, Patel and colleagues screened curcumin and 24 analogues against the
SARS-CoV-2 RBD: ACE2 complex using Auto Dock 4.2. According to docking
result analysis, all the compounds displayed one or more hydrogen bond interac-
tions with the SARS-CoV-2 RBD: ACE2 complex except 3-5-di-tert-butyl-4-hy-
droxybenzaldehyde curcumin.

All the curcumin compounds showed hydrogen bond, hydrophobic and van der
Waals (VdW) interaction with Phe515, Leu517, Ser514, Glu516, Phe464, Phe429,
Gly431, Thr430, Asp428, Pro426, Tyr396 and Arg355 amino acids. Using pkCSM
online prediction platforms, they also predicted the drug-likeness based on Lipin-
ski’s rule of five. All the curcumin derivatives obeyed the rules defined for bioavail-
ability except compound-16, 4-methoxy-1-naphthaldehyde curcumin (MNC), syrin-
galdehyde curcumin (SYC), and 5-di-tert-butyl-4-hydroxybenzaldehyde curcumin
(BHBC). Based on the molecular docking method and in silico ADMET prediction,
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they concluded that bis-demethoxycurcumin was a suitable candidate for SARS-
CoV-2 RBD: ACE2 inhibition (Fig. 30).

Omotuyi et al. [82] reported that darunavir disturbs the critical nodes in the met-
astable conformation of SARS-CoV-2 RBD: ACE2 complex using computational
methods. In their in silico study by applying cut-off criteria of greater than 250 and
less than 1800 g mol™~!, approximately 800 compounds were selected for docking
into the SARS-CoV-2 RBD: ACE2 complex from the FDA library. Among them,
two compounds—darunavir and ubrogepant—were selected based on the ligand effi-
ciency index. Both compounds havea molecular weight of less than 550 g mol~! and
a docking score of around —11.0 kcal mol~!. Free energy by MMPBSA was cal-
culated for darunavir in complex with SARS-CoV-2 RBD and SARS-CoV-2 RBD:
ACE2, respectively. The result showed that darunavir preferably interacts with
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SARS-CoV-2 RBD: ACE2 (—174.36 kJ mol~!) compared with the SARS-CoV-2
RBD (—110.06 kJ mol~!). Thus, darunavir was discovered as a candidate of high
ligand affinity capable of disrupting contact between the SARS-CoV-2 RBD and
ACE2. Darunavir, known as an anti-HIV protease inhibitor, is now repurposeable
for the treatment of COVID-19 disease by disrupting cell recognition, binding and
invasion (Fig. 31).

Using high-throughput screening, Zamai [83] identified MLN-4760 as a human
ACE2 carboxypeptidase inhibitor with an ICs, value of 0.44 nM (Fig. 32). They
reported that MLN-4760 is the best candidate to treat patients with severe SARS,
but it can neither prevent COVID-19 nor treat patients with mild symptoms of
COVID-19. MLN-4760 is a small synthetic molecule also known as C16, GL1001
or ORE1001. Its binding to ACE2 does not disturb the S-protein-binding region of
ACE?2, suggesting that ACE2 activity has been inhibited regardless of the S-protein-
mediated binding of SARS-CoV-2 to ACE2. Interestingly, no adverse effects on its
administration were described in in vivo rodent experiments or in human phase I
clinical trials.

Nami and co-workers [84] studied the interaction between MLN-4760 (potent
ACE2 inhibitor) and SARS-CoV-2-RBD: ACE2 by MD simulation for 100 ns using
GROMACS. Their MD simulation study showed that MLLN-4760 binds to ACE2
at the enzymatic active site with stronger affinity, which changes the ACE2 protein
conformation and alters the binding site and the residues of hydrogen and hydropho-
bic binding involved in SARS-CoV-2 S-RBD: ACE2. However, the binding affin-
ity of the interaction between RBD and ACE2 was not significantly affected. Bind-
ing of RBD to ACE2, coupled with MLN-4760, reversed the inhibitory effect of
MLN-4760 and reversed the conformation of the ACE2 enzyme site with dissocia-
tion of the MLN-4760 enzyme site into the free native conformation. This observa-
tion indicates that MLLN-4760 neither blocks nor increases the RBD spike binding
of SARS-CoV-2 to human ACE?2 and is unlikely to affect viral entry. Binding of
the spike protein to ACE2 can therefore rescue ACE2’s enzymatic function from
its inhibitor (Fig. 32). These in silico results are in alignment with the in vitro and
in vivo studies of Zamai et al. [83], who found that binding of MLLN-4760 to ACE2
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Fig. 30 Binding approach of bis-demethoxy curcumin with SARS-CoV-2 RBD: ACE2 complex
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does not disturb the S-protein-binding region of ACE2, suggesting that ACE2 activ-
ity has been inhibited regardless of the S-protein-mediated binding of SARS-CoV-2
to ACE2 (Fig. 32).

Wang’s group [84] published Arbidol (Umifenovir) an anti-influenza virus drug—
an effective inhibitor of SARS-CoV-2 in vitro. They evaluated the six approved anti-
influenza medications, including Zanamivir, Peramivir, Oseltamivir, Laninamivir,
Baloxavir, and Arbidol against SARS-CoV-2. Among these 6 anti-influenza drugs,
only Arbidol was found to efficient inhibit SARS-CoV-2 infection. Arbidol had ECj
and ICs, (cytotoxicity) values of 4.11 and 31.79 pM, respectively, and a selectivity
index of 7.73. Arbidol, an indole-analog, has been approved to combat influenza in
Russia and China for decades. Inspired by the work of Wang et al. [85] and Padhi
et al. [86], they performed the MD simulation of Arbidol with SARS-CoV-2-RBD:
ACE2 complex to gain molecular insights into the interaction. Arbidol monotherapy
was considered to be superior to Lopinavir, Favipiravir or Ritonavir in the treatment
of COVID-19. Their MD simulation study demonstrated that Arbidol has a stronger
intermolecular interaction with the RBD domain than ACE2 in the SARS-CoV-2-
RBD: ACE2 complex. MD simulation findings indicated that the binding of Arbidol
induced structural rigidity in the glycoprotein of the virus, which interferes with
virus attachment and entry (Fig. 33).
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Benitez-Cardoza and co-workers [87] reported potential interaction inhibitors
between the SARS-CoV-2 RBD and ACE2 Spike protein using an in silico virtual
screening approach. Chembridge Corp.’s small molecule library’s express-pick
array Stock was used for the virtual screening. For docking studies, the crystal struc-
ture of ACE2 with RBD complex (PDB: 6M17) and Molecular Operating Environ-
ment (MOE) software were used. Benitez-Cardoza and colleagues performed virtual
screening using the reported amino acids of SARS-CoV-2-RBD: ACE?2 interface
(Asp30, GIn24, His34, Met82, GIn42, Lys353, Tyr4l and Arg357 in ACE2).
According to AG binding values (—5.87 to —5.50 kcal mol™!) they selected 20 com-
pounds, which interact with Arg393, Pro389, Ala387, Ala386, Arg357, Lys353,
Asn330, GIn325, GIn96, Tyr41, Asp38, Glu37, His34 and Lys26 and thus interfere
in the interaction with the SARS-CoV-2-RBD: ACE2. Moreover, these 20 com-
pounds are likely to be safe in humans as they were confirmed by the ProTox-II and
PreADMET servers. Among these virtually screened compounds, Chembridge ID
7781334 has a docking score of —5.87 kcal mol™! and predicted lethal dose (LDs)
575 mg kg~!, which indicates interaction with Lys353, Asn330, Lys68, GIn42,
Tyr41, Asp38, Glu37, His34 and Asp30 (Fig. 34).

Chikhale et al. [88] reported Asparagus racemosus’ phytochemicals as a plausi-
ble antiviral agent for COVID-19 following an in silico study. A. racemosus (tradi-
tionally known as Shatavari) is a well-known medicinal plant cultivated in tropical
and subtropical areas of India, where its therapeutic significance is well known in
Indian and British Pharmacopoeia as well as in several traditional drug systems such
as Ayurveda, Siddha and Unani.Chikhale et al. [88] conducted docking studies of 32
phytochemicals obtained from the A. racemosus on the SARS-CoV-2 S-RBD: ACE2
domain. The results revealed that asparoside-C, racemoside-A, shatavarin-X, shata-
varin-I and asparoside-D were the most effective against the SARS-CoV-2 S-RBD:
ACE2 domain among the 32 phytochemicals. Asparoside-C was correctly placed
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Fig. 33 Binding interaction of the Arbidol with the SARS-CoV-2-RBD: ACE2 complex
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amongst the top five plant components into the SARS-CoV-2 S-RBD: ACE2 bind-
ing pocket and showed hydrogen binding interaction with Tyr 453, Thr 415, Ser 494,
Gln 414 and Gly 496 with a docking score of —7.542 kcal mol™! and free-binding
energy —62.61 kcal mol~!. Similarly, Asparoside-D was showing hydrogen bond-
ing interaction with Gln 498, Tyr 449, Asp 420, Lys, 417, Ser 494, Gly 502 with
docking score of —7.069 kcal mol~! and binding free energy of — 66.49 kcal mol~!
(Figs. 35, 36).

A molecular modelling study by Chikhale et al. [89] reported the SARS-CoV-2
host entry and replication inhibitors from the Indian ginseng (Withania somnifera).
W. somnifera is a leading plant in Ayurvedic and Indian medicine from India. It is
known as a healthy food and herbal tonic and used to treat different types of dis-
eases and human illnesses, traditionally called ‘Ashwagandha.” It was reported for
its strong antiviral activity against distinct types of viruses, including bursal dis-
ease virus, human immunodeficiency virus (HIV), hepatitis, HIN1 influenza, cox-
sackie virus, herpes simplex type-1. The Government of India (Ministry of AYUSH)
recently permitted Ashwagandha for clinical trials against SARS-CoV-2 along with
the Council of Scientific and Industrial Research (CSIR) and the Indian Council for
Medical Research (ICMR). Thus, taking into account the above view, they deter-
mined the effectiveness of 48 different phytoconstituents from W. somnifera against
the SARS-CoV-2 S-RBD: ACE2. These 48 bioactive molecules were retrieved from
the PubChem database and docked into the SARS-CoV-2 S-RBD: ACE2 crystal
structure. Among them, quercetin-3-0-galactosyl-thamnosyl-glucoside (QGRG) has
the most favourable interaction with the SARS-CoV-2 S-RBD: ACE2 with a bind-
ing energy of —9.246 kcal mol~'. The oxane ring (2H-tetrahydropyran ring) of the
QGRG formed hydrogen bond interactions with Gln 498, Glu 406, Gln 493, and Gly
496 and the OH functional of terminal phenyl ring showed an H-bonding interaction
with Gly 502 (Fig. 37).

Jani and collaborators [43] reported a computational study of FDA-approved
drugs and the phytochemicals from Indian medicinal plants against the ACE2-
spike complex. They included only those phytochemicals from plants that are
already used to treat respiratory disorders, namely Ocimum sanctum, Witha-
nia somnifera, Piper longum, Tinospora cordifolia, Curcuma longa, Terminalia
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Fig. 34 Chemical structure and binding mode of Chembridge ID 7781334 with SARS-CoV-2 RBD:
ACE2
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arjuna, Andrographis paniculata, Swertia chirata, Azadirachta indica and Aloe
barbadensis. This selection resulted in a database consisting of 250 phytochemi-
cals that were downloaded from PubChem database. The top-ranked molecules
were obtained from the direct molecular docking of the SARS-CoV-2 S-RBD:
ACE2 (PDB ID: 6LZG) using DOCK6 software. According to the grid score,
the five best hits from the FDA-approved database are rutin DAB10, fulves-
trant, cefoperazone acid, pinaverium bromide, and abitrexate. These molecules
are known to have diverse roles in terms of their therapeutic properties. Among
these, rutin DAB10 is a flavonoid known to have a variety of biological activities,
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Fig. 37 Binding interaction of quercetin-3-O-galactosyl-rhamnosyl-glucoside (QGRG) with SARS-
CoV-2 RBD: ACE2

which showed the highest grid score (—52.58 kcal mol™") and exhibited hydrogen
bonding with Lys353 and Phe390. The docked pose of Rutin DAB10 with SARS-
CoV-2 S-RBD: ACE2 complex showed hydrophobic interactions with Asn33
and Glu37 of ACE2 protein. Besides these, it showed a w-cation interaction with
His34 of ACE2.

Grid scores obtained for all these phytochemicals were sorted and the top
five ranked molecules were selected, namely swertiapuniside (Swertia chiray-
ita), octadecanoate (Azadirachta indica), guineensine (Piper longum), oleic acid
(Azadirachta indica) and 3-O-caffeoyl-p-quinic acid (Andrographis paniculata).
These plants are also known to have anti-bacterial properties and help in increas-
ing immunity. Among the selected hits, swertiapuniside, which is used as a bitter
tonic in fevers and is also found useful in asthma and bronchitis, had the best grid
score (—60.46 kcal mol™"). It formed hydrogen bonds with Glu37, Lys353, Ala387,
Arg393 of the ACE2 and Arg403, Glu406, Arg408, and Lys417 of the spike. It also
formed hydrophobic interactions with Glu37 of the ACE2, and Tyr453 of the spike
protein (Figs. 38 and 39).

Smieszek and coworkers [90] reported small molecules and peptides that were
capable of binding with SARS-CoV-2-RBD: ACE?2 interface. They found that
genetic variation in ACE2 possibly affects the propagation ability of the virus
and variation in individual susceptibility. As SARS-CoV-2 is poorly expressed
in pigs, dogs, ducks and chickens, while cats and ferrets are more contagious,
they studied the amino acid sequences of ACE2 at the RBD-interacting domain
by aligning them. They observed that His-34 is a crucial amino acid (an inter-
species susceptibility amino acid). They hypothesized that His34 is necessary for
successful viral entry, so they focused on small molecules and peptides that can
bind effectively to His34 of the ACE2 protein and interferes in viral binding.

They conducted an in silico screening of approximately 11,000 compounds,
including FDA-approved compounds retrieved from the Zinc database, against
the SARS-CoV-2-RBD: ACE2 structure. Based on docking score, four poten-
tial small molecules were identified, namely: AY-NH,, nicotinamide adenine
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Fig. 39 Binding interaction of Rutin DAB10 and Swertiapuniside with SARS-CoV-2 RBD: ACE2

dinucleotide (NAD+), reproterol and thymopentin. Among these four small
molecules, AY-NH, (ZINC98052516) had the highest binding affinity with a
—8.541 kcal mol~! docking score that formed hydrogen bonding with the ACE2
Asp30, Ala387, GIn388 and Glu564 amino acids (Figs. 40 and 41).

Barbieri’s group [91] reported sea urchin pigments against the ACE2-spike
domain as potential therapeutic agents in in silico studies. Sea urchin pigments
are a very interesting group of bioactive compounds that not only have anti-viral
and anti-bacterial properties but also reduce reactive oxygen species (ROS) stress.
1,4-Naphtoquinones polihydroxilates (PHNQs) are one of the related families of
sea urchin pigments and comprises spinochrome A (Spin A) and echinochrome A
(Ech A). Ech A is the active compound of two Russian preparations, Gistochrome
and Histochrome, used for glaucoma and cardiopathy diseases that reached the
pharmaceutical market and passed all the regulatory requirements. Hence, given
the urgent requirement for a specific antiviral drug, Barbieri’s group examined
the in silico properties of Ech A and Spin A against SARS-CoV-2-RBD of the
spike protein co-crystalized with ACE2 (PDB ID: 6MO0J) using Auto Dock tools.
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The top ensemble docking pose of Ech A and Spin A exhibited binding affinities
of —5.9 and —6.7 kcal mol™, respectively. These Vina docking scores indicate the
stability of the complex for both urchin pigment molecules. Ech A showed three
hydrogen bonding with Tyr449 and GIn498 and 32 VdW contacts with Arg403,
Ser494, GIn498, Q493, Tyr 449, Tyr 505, GIn496 and Tyr495. Similarly, Spin
A showed five hydrogen bond interaction with Arg403, Tyr449, GIn498, GIn493
and Ser494 (Figs. 42 and 43).

Miroshnychenko and colleagues [92] reported the repurposing of drugs against
the spike glycoprotein of SARS-CoV-2 using the crystal structure of RBD/ACE2-
BOAT]1. Their ligand dataset includes 248 BLDPharm drugs. They identified the top
12 ligands based on the Vina Energy score of the AutoDock Vina 1.1.2. Among 12
top-ranked ligands, 9 are used as drugs for hepatitis C virus treatment. The first two
ranked ligands, amentoflavone (—8.5 kcal mol™') and ledipasvir (—8.4 kcal mol~!)
have multiple binding sites on RBD, which makes their combined use possible.
Their results suggest that amentoflavone and the hepatitis C virus treatment drug
ledipasvir are potential candidates for COVID-19 (Figs. 44 and 45).

Murugan’s group reported in silico investigation of Andrographis panicu-
lata plant phytochemicals to assess their efficacy against SARS-CoV-2 [93]. They
included the four most active compounds of A. paniculata: andrographolide, eoan-
drographolide, 12-didehydro andrographolide, 14-deoxy andrographolide and
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14-deoxy 11. They created a grid box on the S1 RBD bound to the mammalian
ACE-2 receptor. Docking analysis showed that the phytochemical AGP3 (neoandro-
grapholide) has a greater binding affinity to the SARS-CoV-2-RBD: ACE2 com-
plex (—8.9 kcal mol~!). Neoandrographolide’s binding analysis showed that it was
not binding in the interfacial regions; on the other hand, it indirectly influenced the
binding of the spike protein to ACE-2 receptors (Fig. 46).

Ahmad and collaborators [94] reported the bioactive constituents of Nigella
sativa against COVID-19. Inspired by the broad-spectrum antiviral effect of N.
sativa, they screened bioactive constituents of N. sativa against SARS-CoV-2 S
protein: ACE2 receptor (PDB ID: 6VW1). They retrieved active ingredients of N.
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Fig. 45 Binding interaction of the amentoflavone and ledipasvir with SARS-CoV-2-RBD: ACE2

sativa, especially 4-terpineol, dithymoquinone, carvacrol, carvone, thymoquinone,
p-cymene, thymohydroquinone thymol, and t-anethole.

The docking study disclosed that, among the screened compounds, dithy-
moquinone displayed a high binding affinity of —8.6 kcal mol~! for the target
as compared with chloroquine (—7.2 kcal mol™!). Binding analysis demonstrated
that dithymoquinone had two hydrogen bonds and two ionic interactions with key
residues Lys31 and GIn493 of ACE2. Additionally, dithymoquinone has good
profile of drug likeness in terms of gut absorption and high solubility. In an aque-
ous dynamic environment, the predicted conformation of the compound is stable
at SARS-CoV-2: ACE2 interface as confirmed by the binding free energy calcu-
lation. Based on these outcomes, they hypothesized that N. sativa compounds,
especially dithymoquinone, interfere in the key residue interaction of the inter-
face by disrupting the S-protein interaction with ACE2 (Fig. 47).

Wahedi’s group reported stilbene-based phyto-compounds as promising can-
didates against the SARS-CoV-2-RBD: ACE2 complex [95]. They collected four
stilbenoids, namely piceatannol 581006, pinosylvin 4444110, cis-resveratrol

Thr

Neoandrographolide

Fig. 46 Binding of neoandrographolide with SARS-CoV-2-RBD: ACE2
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1265933, resveratrol 445154, pterostilbene 4445042 and trans-resveratrol 392875
from the Chemspider database based on their previous biological activities.
Using autodock/vina docking study was carried out at the interface of the SARS-
CoV-2 spike protein and human ACE2. Docking result analysis indicates that
compounds form multiple hydrogen bond interactions with SARS-CoV-2 spike
protein: ACE2 complex.

Among the screened compounds; resveratrol and piceatannol were chosen as
top-class compounds based on binding affinity. Resveratrol and piceatannol were
formed seven and six hydrogen bonds with the SARS-CoV-2-RBD: ACE2 complex,
respectively. The 50 ns MD simulation and MM-PBSA binding free energy calcula-
tion, however, showed that resveratrol was more stable compared with piceatannol
(Figs. 48 and 49).

Rane and co-workers [96] reported a diaryl pyrimidine derivative as an effective
inhibitor for spike protein and the human ACE2 receptor complex using an in silico
approach. They performed computational analyses of diaryl pyrimidine derivative
at the interface of the SARS-CoV-2-RBD: ACE2 complex (PDB ID: 6VW1) using
AutoDock Vina software. Docking results showed that AP-4-Me-Ph, AP-3-OMe-Ph,
AP-NP and with binding energies of —8.1, —8.1 and —8.95 kcal mol ™!, respectively,
showed strong binding affinity towards the ACE2 receptor. The compound AP-NP
showed hydrogen bonding interaction with the polar amino acids Arg393, Asn394
and Asp350 and hydrophobic interaction with Phe40, Trp69, Leu73, Phe390 and
Leu391 amino acids.

Compound AP-3-OMe-Ph forms hydrogen bond interactions with Gly352,
Asp350, Arg393, Asp382, Ala348 and a hydrophobic interaction with Trp349,
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Phe390 and Phe40. AP-4-Me-Ph forms hydrophobic interactions with the Phe40,
Serd4, Serd7, Trp349, Ala 348 and hydrogen bond interactions with His401,
Asp382, Tyr385 and Asp350 (Figs. 50 and 51).

Srivastava’s group [97] reported the in silico identification of phytocompounds
with activity towards the SARS-CoV-2-RBD: ACE2 complex. They conducted
molecular docking studies using Auto Dock Vina software to analyze molecu-
lar interactions between various phytocompounds and ACE2 Receptor (PDB ID:
6LZG). Phytochemicals were obtained from ashwagandha, fennel, liquorice, tulsi,
neem, moringa, elderberry and amla. The results of docking showed that the phy-
tochemicals chebulagic acid, pedunculagin and nimbolide have the highest binding
affinity for the SARS-CoV-2-RBD: ACE2 complex. These phytochemicals such as
chebulagic acid (—18.4 kcal mol ™), Pedunculagin (—17.5 kcal mol™"), Azadirachtin
(=12.4 kcal mol™!) and Nimbolide (—16.7 kcal mol™) may become possible candi-
dates for targeting the SARS-CoV-2-RBD: ACE2 complex (Fig. 52).

6 Discussion and Future Perspectives

The highly infectious COVID-19 is induced by SARS-CoV-2. It has been announced
as a pandemic by the WHO. ACE2 is a functional receptor that acts as the point of
entry for SARS-CoV-2 into human lung cells [binding through its spike (S) pro-
tein]. The S-protein consists of two subunits: S1 as the RBD and the S2 subunit
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Fig. 50 Chemical structure of AP-NP, AP-3-OMe-Ph and AP-4-Me-Ph
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Fig. 53 Pardigm shifts in the discovery of SARS-CoV-2 entry blockers

responsible for viral membrane fusion. The S2 subunit of SARS-CoV-2 has~99%
similarity, while the S1 subunit is 70% identical to another SARS-CoV bat and
human SARS-CoV, but the core RBD domain is highly preserved among them. It
has been observed that cells in which ACE-2 and TMPRSS2 are present are more
prone to SARS-CoV-2 entry. In SARS-CoV-2 spike protein RBD there were more
ACE2-interacting residues compared with SARS-CoV due to substantial mutations
present in the SARS-CoV-2-sequence, more specifically in the RBD domain.

Lys31 and Lys353 are the crucial amino acids of the human ACE2 receptor, and
considered as virus-binding hotspot residues, more sensitive to S-protein binding.
In human receptor ACE2, hotspot 31 (Lys31) consists of the salt bridge between
lysine 31 and glutamic acid 35, and hotspot 353 (Lys353) consists of another salt
bridge between lysine 353 and asparagine 38, covered by a hydrophobic residue.
The RBD domain of the S1 subunit of the spike protein plays a crucial role in bind-
ing of SARS-CoV-2 to ACE2. In vitro binding studies revealed good binding affinity
at low nanomolar range between ACE2 and the RBD. The recently released crystal
structure PDB Id: 6MO0J explains the structural interactions of SARS-CoV-2 S-RBD
with ACE2. The RBD/ACE2 interface has a hydrophilic network, which consists of
13 hydrogen bonds and two salt bridges. ACE2 is expressed in respiratory system,
heart, intestine, kidney and liver and hence these organs are at higher risk of infec-
tion. Researchers have so far targeted the three crucial forms of ACE2 enzymes,
i.e., ACE2, SARS-CoV-2 S-Protein-ACE2 and SARS-CoV-2 S-RBD: ACE?2 as the
understanding about the disease processed since December 2019 as SARS-CoV-2
entry blockers (Fig. 53). Targeting the virus entry point by inhibiting ACE2 has a
greater benefit than inhibiting later stages of the viral life cycle. Here, we have sum-
marized the different in silico based studies and the repurposing of anti-viral drugs
to target ACE2, SARS-CoV-2 S-Protein-ACE2 and SARS-CoV-2 S-RBD:ACE2.
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It takes years to design a new drug and test its pharmacokinetics and pharmaco-
dynamics properties. In repurposing studies, molecules have already passed through
multiple stages and have well-defined profiles; they would not need prolonged pre-
clinical studies and would thus be excellent candidates for emergencies or outbreaks.
In the beginning of 2020, researchers targeted the ACE2 enzyme and reported the
repurposing of the previously used drugs. They reported that ivermectin, rutin, hes-
perdin, naringin, paritaprevir, vitexin, orientin, berberine, artemisnin, curcumin,
apigenin, crisimaritin, hispudulin, quercetin, 6-gingerol, isothymol, cucurbitacin
B, beta-sitosterol, cynaropicrin, andrographolide and saikosaponin A could inhibit
ACE2 enzyme based on their in silico studies (Fig. 54). Later, when it was clear
that, via S-protein, SARS-CoV-2 was bound with ACE2 enzyme, researchers tar-
geted the SARS-CoV-2-S protein: ACE2 complex. They reported nitrofurantoin,
favipravir, hydroxychloroquine, cepharanthine, ergolide, menthol, isoniazid pyru-
vate, eriodictyol, raspberry ketone, ivermectin, hypericin, and thymoquinone as
potential inhibitors of the SARS-CoV-2-S protein: ACE2 complex (Fig. 55). Moreo-
ver, SARS-CoV-2 S-RBD residues are highly conserved in bats, human and palm
civet cat SARS-CoVs. The affinity between SARS-CoV-2 and ACE2 S-RBD is
almost ten times higher than that of SARS-CoV RBD, suggesting that ACE2 is
the unique receptor responsible for binding the virus to the host cell membrane.
Hence, researchers tilted towards targeting the SARS-CoV-2-RBD:ACE2 complex.
They reported pseudojervine, hesperidin, bis-demethoxy curcumin, asparoside C,
quercetin-3-0-galatosyl-thamnosyl-glucoside, rutin DAB10, AY-NH2, spinochrome
A, amentoflvaone, neoandrographolide, dithymoquinone, piceatannol, AP-NP, che-
bulagic acid from natural sources and GR hydrochloride, denopamine, darunavir,
MLN-4760, arbidol, chembridge ID 7781334 from synthetic source as SARS-CoV-
2-RBD:ACE2 complex inhibitors (Fig. 56). These molecules could be used against
COVID-19; however, further studies are required to validate these compounds in
in vitro and in vivo studies. Thanks to repositioning studies, new uses for various
compounds different from their original purposes were identified even though they
had failed in their original purpose and/or had been withdrawn from the market.
Computational methods such as virtual screening will minimize the time needed to
find new targets for existing drug molecules, with the benefit of also being cost-
effective, as shown in review papers.
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